The intracellular solute composition of the salt-tolerant yeast Debaryomyces hansenii was studied in glucose-limited chemostat cultures at different concentrations of NaCl (4 mM, 0.68 M, and 1.35 M). A strong positive correlation between the total intracellular polyol concentration (glycerol and arabinitol) and medium salinity was demonstrated. The intracellular polyol concentration'was sufficient to balance about 75% of the osmotic pressure of the medium in cultures with 0.68 and 1.35'M NaCl. The intracellular concentration of K+ and Na+, which at low external salinity gave a considerable contribution to the intracellular water potential, was only slightly enhanced with raised medium salinity. However, the ratio of intracellular K+ to Na+ decreased; but this decrease was less drastic in the cells than in the surrounding medium, i.e., the cells were able to select for K+ in favor of Na+. The turgor pressure, which was estimated on the basis of intracellular solute concentrations, was 2,200 kPa in cultures with 4 mM NaCl and decreased when the external salinity was raised, resulting in a value of about 500 kPa in cultures with 1.35 M NaCl. The maintenance of a positive'turgor pressure at high salinity was mainly due to an increased production and accumulation of glycerol.
Microorganisms differ in their tolerances to osmotic stress, but in general yeasts and fungi are more tolerant than bacteria (6) . Among yeasts, strains of Debaryomyces hansenii and Saccharomyces rouxii are highly osmotolerant and capable of growth in media containing up to about 4 M NaCl (26, 29) , whereas Saccharomyces cerevisiae is limited by NaCl concentrations above 1.7 M (29) .
One of the problems associated with growth in highsalinity media is the establishment of a positive turgor pressure, which is considered to provide the mechanical force for expansion of the cell wall during growth (18, 21) . To solve this problem, the cells have to accumulate osmotically active solutes or ions which are compatible with metabolic functions (6, 7) . The accumulation of such solutes causes a decrease of the intracellular water potential, which is accompanied by an influx of water and a consequent increase in turgor pressure.
When D. hansenii was subjected to increased NaCl stress, there was a decrease of intracellular K+ and an increase of intracellular Na+ (27, 28) . However, the total salt level in the cells was not sufficient to balance the water potential of the medium; this is why there must be additional osmotically active solutes (28) . Many eucaryotic microorganisms accumulate polyols intracellularly when exposed to osmotic stress (1, 6, 7, 15, 24) , and in D. hansenii a positive correlation was demonstrated between the internal glycerol level and the salinity of the surrounding medium (1, 3) . It was also observed that the tolerance for a sudden osmotic dehydration was better in cells having an increased amount of intracellular polyols (2) . The two polyols produced and accumulated by D. hansenii are glycerol, which is the major internal solute in exponentially growing cells, and arabinitol, which predominates in stationary-phase cells (2) .
The aim of this study was to determine an osmotic budget for D. hansenii during steady-state conditions at different growth rates and at different external salinities. The tolerance of such cells to a sudden osmotic dehydration was also studied. To achieve this, D filters were prewashed with iso-osmotic CaCl2) and then washed five times with 3 ml of iso-osmotic CaC12. The filter was then immersed in 3 ml of distilled water, heat treated in tubes with a pear drop condenser for 10 min at 95°C, and centrifuged for 5 min at 3,500 x g. The supernatants were frozen until analyzed. Measurements of K+ and Na+ content were performed in an atomic absorption spectrophotometer (The Perkin-Elmer Corp., Norwalk, Conn.). Samples were always duplicated, and differed on average by ±2.5 and 6.4% for K+ and Na+, respectively. Filtered samples washed different numbers of times (3, 5, 7 , and 10 times) with 3 ml of iso-osmotic CaCl2 gave identical results. Washed filters without cells and filters washed five times after 2 ml of medium had been filtered through them, all gave similar background levels (1.6 and 3.4 jg/ml for K+ and Na+, respectively) irrespective of medium salinity. These background values which maximally corresponded to a cellular concentration of 0.03 and 0.11 M for K+ and Na+, respectively, were subtracted from all data presented here.
Determination of cell volume. The cell volume accessible to tritiated water was determined by the method of Rottenberg (31) . As a tracer excluded by the cell wall, inulin was used (32) . As a tracer excluded by the cell membrane, lactose was chosen. This sugar was found to be the only substance not taken up by the cells among several compounds tested (lactose, ribose, sorbitol, and mannitol) which were expected to penetrate the cell wall but not the membrane (data not shown). Four samples were centrifuged for 5 min at 3,500 x g. Each pellet was suspended in 2 ml of medium containing MES (morpholineethanesulfonic acid) pH 6.0 (10 mM), glucose (80 mM), and an appropriate amount of NaCl (0, 0.68, or 1.35 M). One pair of samples contained 3H20 (5 ,uCi/ml, 185 kBq/ml) and ["4C]lactose (0.5 ,uCi/ml, 18.5 kBq/ml) and the other pair contained 3H20 (5 ,uCi/ml, 18.5 kBq/ml) and ["4C]inulin (0.5 ,uCi/ml, 18.5 kBq/ml). Samples were incubated for 5 to 10 min at room temperature, and 0.6-ml samples from each of the suspensions were centrifuged for 1 min at 10,000 x g. From the supernatants, 0.1-ml samples were withdrawn and added to 1 ml of 1 M HCI04.
The remaining supernatants were discarded, and each cell pellet was suspended in 1 ml of 1 M HCl04 and incubated for 30 min. All samples were recentrifuged for 1 min at 10,000 x g, and the supernatants were frozen until analyzed. Cell dry weights in the MES buffer suspensions were determined as previously described. Radioactivity was determined in a liquid scintillator (LS 3801; Beckman Instruments, Inc., Fullerton, Calif.), and the volumes of the cells were calculated by using the equation
where V1 is the intracellular water volume. In addition, since the cells at high salinities accumulate considerable amounts of polyols, the space occupied by these substances has to be considered. To account for this space, polyol volume was calculated from the intracellular concentration by using densities of 1.26 and 1.4 g/ml for glycerol and arabinitol, respectively. The sum of aqueous and polyol volume is termed soluble volume. 
RESULTS
In order to study the osmotic properties of the cells under steady-state conditions, chemostat cultivations were performed at different dilution rates and at different medium salinities.
Cell volume. The intracellular volume impermeable to lactose was relatively unaffected by both growth rate and medium salinity (Table 1) . When corrected for polyol volume (see Materials and Methods), the average values of the soluble volume at the different dilution rates were 1.84, 1.85, and 1.76 ,ul/mg of dry weight in 4 mM, 0.68 M, and 1.35 M NaCl media, respectively. When inulin was used as an excluded tracer instead of lactose, the value of the intracellular volume increased by an average of 20% (calculated from Table 1 ). This increase presumably represents the contribution from the cell wall.
Accumulation of polyols. In 4 mM NaCl medium, the intracellular concentration of polyols was maintained at about 0.28 M irrespective of growth rate (Fig. 1) . This pool consisted entirely of arabinitol, as no glycerol was detected. When the medium salinity was raised to 0.68 M NaCl, the intracellular polyol concentration increased to about 1 M, independent of the growth rate (Fig. 1) . The polyol pool consisted of arabinitol as well as glycerol. However, the proportion of the two polyols varied with the growth rate. The glycerol concentration increased from 0.42 to 0.64 M, while the arabinitol concentration decreased from 0.52 to 0.30 M when the growth rate was changed from 0.052 to 0.144/h. At 1.35 M NaCl, which was the highest salinity tested, the intracellular polyol concentration increased slightly with the growth rate from 1.59 M at D = 0.052/h up to 1.80 M at D = 0.144/h (Fig. 1 ). This was due to an increase in glycerol concentration from 1.05 to 1.46 M, which was only partly counteracted by a decreasing arabinitol concentration from 0.54 to 0.34 M. There was a positive correlation between intracellular polyol concentration and medium salinity (Fig 2A) , whereas the intracellular glycerol concentration increased more than would be expected from a simple (Fig. 1) . Under all conditions, K+ attained a higher concentration inside the cells than in the medium. For Na+ it was quite the opposite; the external concentration was always higher than the internal concentration. The relation between intracellular K+ and Na+ showed an increased proportion of Na+ when the external sodium concentration was raised. However, the increase in Na+ relative to K+ was much less pronounced inside the cells than in the medium (Table 3) . Osmotic and turgor pressures of the cells. The internal osmotic and turgor pressures have been estimated for cells cultured at various salinities and growth rates. These calculations were made by assuming an amino acid concentration of 0.2 M (2) and a concentration of other basal metabolites of 0.2 M (16) and by using the measured concentrations of Na+, K+, and polyols. The contribution of each solute to the total osmotic pressure was determined separately on the basis of its own concentration by using the data of Harris (16) . The K+ and Na+ contribution was considered to be half that of the corresponding chloride salts. The counterions to K+ and Na+ were assumed to be found in part among the amino acids and other metabolites and in part among macromolecules with negligible osmotic contributions. Chloride was not considered an important counterion, since it generally gives little contribution to the intracellular osmotic potential of fungi (10, 22, 23) . The turgor pressure, which was calculated as the difference between the internal and the external osmotic pressures, showed only little variation with growth rate, giving an average value and standard deviation of 2,200 ± 100 kPa in 4 mM NaCl medium. When the medium NaCl concentration was raised, the average turgor values decreased to 1,000 ± 100 kPa in 0.68 M NaCl medium and 500 + 400 kPa in 1.35 M NaCl medium. The intracellular polyol concentration was sufficient to balance about 75% of the external osmotic pressure in 0.68 and 1.35 M NaCl media.
Tolerance to osmotic dehydration. The ability of the cells to withstand a sudden osmotic dehydration was markedly enhanced when the cells were grown in medium with an increasing concentration of NaCl (Table 4 ). The effect of growth rate on the tolerance to osmotic dehydration was negligible.
DISCUSSION Glycerol has for a long time been regarded as a key solute in osmoregulation of the yeast D. hansenii (1, 2, 15, 25) . However, an apparent inconsistency has remained, since the intracellular concentration of glycerol did not maintain a high and constant level during the growth cycle in batch cultures of high salinity (1, 2, 15, 20, 25) . Rather, it was found that the glycerol levels declined in the late exponential phase and that another polyol, arabinitol, became predominant when the cells approached the stationary phase of growth (2, 25) . Nevertheless, a direct correlation between the internal glycerol concentration of cells from the midexponential growth phase and the salinity of the growth medium was observed (1). In the chemostat cultivations, it was demonstrated that it is the total intracellular polyol concentration rather than the glycerol concentration which gives the best correlation with medium salinity ( Fig. 2A and  B) . The intracellular polyol concentration was directly proportional to the salinity of the medium and was essentially independent of growth rate (Fig. 1) , even though the proportions of the two polyols varied. The arabinitol level responded only slightly to medium salinity but appeared to be regulated with respect to growth rate in salt-stressed cells; the levels increased with a decreased growth rate (Fig. 1) . Arabinitol had a high intracellular concentration even in 4 mM NaCl medium and could hence be regarded as a constitutive compatible solute (16) . Glycerol, on the other hand, behaved as a typical inducible compatible solute; no accumulation occurred in nonstressed cells, but the levels were clearly enhanced by salt stress. The glycerol content also showed an apparent adjustment relative to the arabinitol levels so as to maintain an essentially constant polyol concentration at the various growth rates.
It was observed that the cells retained a large proportion of the produced polyols intracellularly and that the concentration gradient across the membrane was kept at about 104, irrespective of external salinity ( Table 2 ). The glycerol transport system (1) may give a significant contribution to the maintenance of a steep glycerol gradient. This system has a Km of 0.9 mM and a Vmax of 61 nmol/mg per min for cells grown in 1.35 M NaCl medium (1) . The extracellular concentration of glycerol in the chemostat averaged 0.16 mM at 1.35 M NaCl. This would yield a rate of 9.21 nmol of glycerol transported into the cells per mg per min. This transport of glycerol has to be counterbalanced by a leakage at a rate of 9.36 nmol/mg per min through the membrane in order to maintain the constant extracellular glycerol concentration under steady-state conditions. The resulting permeability of glycerol can be calculated to be 8.2 x 10-9 cm/s, assuming spherical cells with a radius of 1.5 p.m (11) and 4 x 107 cells per mg of dry weight. This permeability is comparable with the lowest values reported for glycerol by Collander (9) , who compared the permeabilities of 16 kinds of plant cells. One might assume that a low permeability to glycerol would be advantageous to D. hansenii in its natural habitat, the sea, where considerable amounts of glycerol have to be produced (Fig. 1, 0 .68 M NaCI) and the availability of carbon is scarce.
One of the reasons for the ability of D. hansenii to tolerate high external concentrations of NaCl is probably related to the capacity for Na+ extrusion and K+ uptake (28) . In our study there was a decrease in K+ and an increase in Na+ content within the cells when the medium NaCl concentration was raised (Fig. 1) , which is in accordance with the results of Norkrans and Kylin (28) . Nevertheless, K+ was always found at a higher concentration inside the cells than in the medium. For Na+ the opposite was true; medium concentration exceeded the internal level (Table 3) . However, the total intracellular concentrations of K+ and Na+ were surprisingly high (about 0.65 M in 1.35 M NaCl medium [ Fig. 1]) . It is clear that for these major cations the Na+ values will be more uncertain than the K+ values because of the difficulties in separating the small amount of Na+ present intracellularly from the large amount in the medium. Nevertheless, we consider the high Na+ values reliable for the following reasons. (i) Repeated washing ( appeared to be specific to the medium salinity. The maintenance of a positive turgor pressure at high salinity was mainly due to an increased production and accumulation of glycerol (Fig. 1) . Turgor control above a certain minimum value may be required to provide for controlled volume expansion during steady-state growth. Such a regulation would be achieved in D. hansenii by a feedback system from turgor to the biochemical process of glycerol production. If turgor is a signal, one might speculate that cells growing at high external salinity should have a lower turgor to ensure an enhanced continued glycerol synthesis. A high intracellular content of compatible solutes would effectively buffer the cell against sudden dehydration stress. This may at least partly explain why cells which have been grown at 1.35 M NaCl were the most tolerant towards plating on a highsalinity (2.7 M NaCl) medium (Table 4) . Increased tolerance to osmotic shock for cells that have been conditioned or pregrown under low or intermediate stress conditions has previously been demonstrated for Saccharomyces cerevisiae (24) . However, this was not solely due to an increased content of compatible solutes (glycerol); rather, a combination of factors appeared to be involved (5) .
